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Chapter 5

Origin of Asymmetry in the
Special Pair of Bacterial
Reaction Center

5.1 Introduction

Electronic asymmetry in the special pair of BRC is believed to affect the

directionality of the electron transfer process and has been therefore much

studied. [53, 60–62, 104, 105] The EPR and ENDOR studies for the cation

radical P+• have shown a disproportion in spin density distribution in favor of

PL. [64,67,68,104] From the Stark experiments on the excited state P* on the

other hand, it has been proposed that more electron density is concentrated

on PM . [63] It has been also reported that in the ground state there is an

excess negative charge located on PL. [53, 66]

Recently, a suggestion has been made from photo-CIDNP solid-state NMR

experiments that the asymmetry, both in the electronic ground-state and

in the radical cation state, is caused by an intrinsic property of the special

pair supermolecule, which is attributable to a modification of the structure

of PL. [115] Moreover, differences in electronic density distribution between

ground-state and radical state have been explained by polarization effects
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due to the His L168 hydrogen bonded to the 31 acetyl group of PL. [53, 115]

However, the electrostatic interactions within the bacteriochlorophylls a in

the special pair and with the protein environment can also play an impor-

tant role in determining the structure and electronic distribution of P. This

has been recently shown by Ganapathy and coworkers for the Zinc chlorin

aggregates, where it was found that the self-assembly can be driven mostly

by electrostatic interactions without hydrogen bonding. [116] Also recent the-

oretical investigations on the cation radical state of the special pair suggest

that electronic asymmetry may be associated with different orientations of the

phytyl tails and the methyl ester group on the C132 carbon atoms, and that

the asymmetry of the spin density distribution is not caused by the distortions

of the bacteriochlorophylls a planes. [61, 62]

Given that a detailed and consistent picture on the origin of the elec-

tronic asymmetry has not emerged yet, in this chapter it is investigated how

the electronic density in the ground-state is influenced by different structural

properties of the special pair bacteriochlorophylls a, and by their interaction

with axial histidines and other neighboring residues. A particularly interest-

ing aspect is the orientation of the PL 31 acetyl group, which in the 1PCR [49]

crystal structure is substantially different from all the other Rb. sphaeroides

RC structures deposited in the Protein Structure Database. This orienta-

tion can be characterized by the C4–C3–C31–O31 dihedral angle (ϕac) which

equals 88◦ for the 1PCR structure and ranges between -2◦ and 21◦ for all the

others. [111] This large difference makes the 1PCR crystal structure some-

what special and thus interesting to compare with other structures such as,

for example, the 1QOV structure [117], where the dihedral angle is 13◦, that

is almost in the middle of the observed range. It turns out that the orientation

of the 31 acetyl group of PL BChl a, which depends on the hydrogen bond

with His L168, is crucial for the electronic density distribution among the

two PL and PM bacteriochlorophylls a. In this way the protein can tune the

biophysical properties of the special pair by inducing conformational changes

to the acetyl and therefore to the strength of conjugation with the porphyrin

π system. Finally, the effects of the neighboring residues on the absorption

properties of bacteriochlorophylls a are studied and it is shown how the lo-
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calization of the molecular orbitals relevant for the Qy excitations strongly

depends on the structural properties of the BChls a in the special pair.

5.2 Models and Methods

Density Functional Theory calculations were performed using the ADF com-

putational code [87–89] with the BLYP [73, 75, 76] functional and the TZP

Slater-type basis set. The initial model, extracted from the 1PCR crystal

structure of Rhodobacter sphaeroides bacterial reaction center [49], included

the special pair, the two axial histidines (His L173 and His M202), two water

molecules (HOH 1007 on the L-side and HOH 1051 on the M-side) and the

aminoacid residues His L168, Asn L166 and Phe M197. The phytyl side chains

of bacteriochlorophylls a were truncated to a methyl group and broken pep-

tide bonds were saturated to a neutral amino acid termination (COOH–NH2).

Figure 5.1: Ball and stick representation of Model 8, the largest model considered in this
study containing approximately 250 atoms.

In order to remove experimental uncertainties, the initial model was par-
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tially optimized by relaxing carbons and nitrogens in the porphyrin ring, and

all the hydrogen atoms (model 8, see Fig. 5.1). In this way the x-ray crystal-

lography errors and molecular modeling refinement artifacts were corrected

by DFT, while preserving the supramolecular structure of the system due to

the applied constraints. Subsequently, a series of models were built by cutting

the partially optimized model into separate fragments. For an overview see

Fig. 5.2. Additionally, the models 5 and 6 were partially optimized, relaxing

in each of them the two imidazole rings and the two magnesium atoms.

Figure 5.2: An overview of theoretical models used in this chapters. Model 8 is also shown
schematically here.

To investigate the impact of the 31 acetyl group rotation, the special pair

in model 1 was used as a starting point to create two models: 9 and 10. In

the model 10, the PL acetyl was additionally rotated to mimic the PM acetyl

orientation. Subsequently, the geometry of the PL acetyl group was relaxed

in both models 9 and 10, by optimizing the positions of C31, O31 and the
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C32 methyl group.

Finally, PL and PL+His L168 were extracted from model 1 to form models

13 and 14, respectively. In both of these models the acetyl group of PL was

relaxed by optimizing geometrical positions of C31, O31 and the C32 methyl

group. Additionally two fully optimized bacteriochlorophyll a molecules were

constructed with different orientations of the acetyl group: one in which the

C32 methyl group points towards the C21 methyl (model 11) and one in which

the acetyl carbonyl points towards the C21 methyl (model 12).

The quadrupole derived charge analysis was performed as implemented

in the ADF. [118] Electron density difference maps were calculated by sub-

tracting from the electronic density of a model, the electronic densities of its

fragments. The excitation energies were calculated using TDDFT/TZP with

the “Statistical Averaging of Orbital Potentials” (SOAP) potential [119–121],

which is well-suited for molecular response properties.

5.3 Results and Discussion

5.3.1 Asymmetry of the special pair

The total quadrupole derived charges for PL and PM in the various models

described above are presented in Table 5.1. For the model 1 comprising the

Model qPL qPM

Model 1 – P 0.08 -0.08

Model 2 – P+side 0.06 -0.08

Model 3 – P+side+Asn 0.07 -0.08

Model 4 – P+axial -0.02 -0.21

Model 5 – P+axial+H2O(L) -0.01 -0.23

Model 6 – P+axial+H2O(M) -0.01 -0.22

Model 7 – P+axial+side -0.02 -0.18

Model 8 – P+axial+side+Asn+H2O(L)+H2O(M) -0.02 -0.19

Table 5.1: Sum of quadrupole derived charges for PL and PM in various models.

special pair only, an electronic asymmetry of 0.16 electron charge between the
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PL and PM bacteriochlorophylls a is found, indicating that the asymmetry is

an intrinsic feature of P, at least within the model derived by the 1PCR struc-

tural data. Addition of the two side residues, His L168 and Phe M197 (model

2) has only a minor effect on the electron density of P with a small decrease

in the positive charge of PL. One would expect that due to the hydrogen bond

with the histidine His L168, the 31 acetyl would donate electron charge, thus

making PL more positively charged. However, as can be seen in Fig. 5.3, the

hydrogen bonding induces only a small charge polarization with an increase

in electronic density between Nτ and O31, but no clear net charge transfer. In

Figure 5.3 the steric interaction with C71 methyl can be also observed, which

can contribute to the asymmetric change.

Figure 5.3: Change in the electronic density upon PL -His L168 hydrogen bond formation.
The isosurface value is 0.0012 e/Å3. Red corresponds to an increase of the density, as
compared to the separated BChl a and His fragments, while blue denotes a decrease in the
electronic density.

Interestingly, axial histidines enhance the original asymmetry of the

special pair and have a different effect on the two bacteriochlorophylls a

(see model 4 in Table 5.1): His L173 donates a charge of 0.10 e to PL, while

His M202 donates to PM a charge of 0.13 e. Since the charge transfer from

those histidines is essentially of the same nature as for the LH2 complex

(see Fig. 3.6), it also depends on the relative distance and orientation of His

and BChl a, as described in Chapter 3, section 3.3.2. A closer look at the
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orientation of the two histidines reveals that His M202 has its imidazole ring

almost perpendicular to the bacteriochlorophyll a plane and slightly more

tilted, contrary to His L173 (Table 5.2). Moreover the two histidines appear

to be rotated differently around the Mg–Nτ axis.

His L173 His M202

∠BH 78◦ 88◦

Cδ –Nτ –Mg 122◦ 128◦

NI–Mg–Nτ –Cδ -135◦ -151◦

Table 5.2: Orientation of axial histidines with the respect to ligated BChl a in the special
pair. The ∠BH corresponds to the angle between Cγ –Cδ –Nτ and NI–NII–NIII planes.
Consult Figures 1.1 and 1.5 for atom numbering.

The next two models in the Table 5.1, namely models 5 and 6, contain

a single water molecule hydrogen bonded to one of the axial histidines. It

can be seen that the water has only a minor effect on the asymmetry of

the special pair. It is also observed that a hydrogen bond between a water

molecule and the Nπ atom of axial histidine has a small effect on the histidine

orientation with the respect to the bacteriochlorophyll a molecule. Therefore,

it can be concluded that the distinct orientation of the two axial histidines is

a consequence of geometrical and steric adjustments to optimize the hydrogen

bonding network with the proximal protein environments, including the two

water molecules. Finally, by looking at the total charges in the models 7 and

8 containing the special pair, axial and side residues, it is visible that the

side residues have some polarization effect and in the largest model 8 the

asymmetry between PL and PM is about 0.17 electron, very similar in the

absolute value to the asymmetry of the special pair only. The axial histidines

only shift the total charges for PL and PM by ≈0.1 e. The data presented

in Table 5.1 show that PM has more electron charge density than PL in the

ground state. The finding that the special pair carries a net negative charge

of ≈0.2 e is consistent with SSNMR data in the ground state [53, 66, 115].

It can also be clearly concluded that this excess negative charge is mostly

due to a charge transfer from the axial histidines and that the hydrogen

bonded His L168 has only a minor effect. However the SSNMR data suggest
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an accumulation of electron charge mostly on the pyrrole ring I of PL and

less on PM . This appears to be in contrast with the results presented above,

although one should take into account that here the total charge on the BChls

a is calculated, while the NMR chemical shift data are available only for a

limited set of carbon atoms. Therefore the experimental conclusions regarding

ground state charge distribution of PL and PM should be taken with some

care.

As discussed above, the special pair exhibits an intrinsic electronic asym-

metry which must be then a feature of its geometry. Comparing PL and PM
bacteriochlorophylls a, it is noticeable that the 31 acetyl group has substan-

tially different orientation in the two molecules. Each of the 31 acetyl groups

of the special pair may be oriented either with the oxygen facing outward

and forming a hydrogen bond to the surrounding protein, or with the oxygen

pointing inward and acting as a sixth ligand to the magnesium of the other

BChl a. [122] There is a competition between a high conjugation with the

porphyrin ring in a co-planar acetyl geometry and optimization of the electro-

static intermolecular interactions and steric repulsion in a more twisted acetyl

orientation. For PM the acetyl group is almost co-planar with the BChl a and

thus highly conjugated with the porphyrin electronic structure, while for PL
the acetyl is out of plane and less conjugated. When the PL acetyl group

is forced almost in the plane of bacteriochlorophyll a (model 10), then the

electronic asymmetry of the special pair vanishes, as presented in Table 5.3.

Model ϕac ϕmet qPL qPM

Model 1 92◦ -137◦ 0.08 -0.08

Model 9 40◦ -138◦ 0.05 -0.05

Model 10 -173◦ 11◦ 0.00 0.00

Table 5.3: Sum of quadrupole derived charges for PL and PM in various models of the
special pair. The ϕac corresponds to the C4–C3–C31–O31 dihedral angle and the ϕmet to
the C4–C3–C31–C32 dihedral angle of PL.
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Figures 5.4 and 5.5 clearly show that when the acetyl of PL bacteriochloro-

phyll a lies in plane, hardly any electron density difference is observed between

the PL and PM , while when the acetyl is out of plane, the perturbation is

large. The bulky C32 methyl group of the PL acetyl penetrates the electronic

cloud of the PM bacteriochlorophyll a inducing a strong electronic polariza-

tion. This geometry is similar to the geometry observed for the Zinc chlorin

aggregates, where it was found that the self-assembly can be driven mostly

by electrostatic interactions without hydrogen bonding. [116]

Figure 5.4: Change in the electronic density upon PL -PM dimer formation in model 1.
The isosurface value is 0.0012 e/Å3. Red corresponds to an increase of the density in the
complex, as compared to the separated BChl a fragments, while blue denotes a decrease in
the electronic density. The right panel shows the PL acetyl area in details.

This acetyl orientation may be influenced by the presence of the hydrogen-

bonded His L168, as presented in Table 5.4. For the optimized bacteriochloro-

Model ϕac ϕmet

Model 11 – Optimized BChl a 0◦ 180◦

Model 12 – Optimized BChl a -179◦ 1◦

Model 13 – PL 27◦ -151◦

Model 14 – PL+His L168 47◦ -132◦

Table 5.4: Orientation of the 31 acetyl group in single BChl a models. The ϕac corresponds
to the C4–C3–C31–O31 dihedral angle and the ϕmet to the C4–C3–C31–C32 dihedral angle
of PL.

phyll a there are two in-plane acetyl conformations: In one conformer the

acetyl oxygen is located on the side of the C4 atom, while in the other is



62 Chapter 5

Figure 5.5: Change in the electronic density upon PL -PM dimer formation for model 10
(with planar PL acetyl). The isosurface value is 0.0012 e/Å3. Red corresponds to an increase
of the density in the complex, as compared to the separated BChl a fragments, while blue
denotes a decrease in the electronic density.

pointing towards the C21 methyl group. It was found that the first is lower in

energy by 4 kcal/mol. When the PL bacteriochlorophyll a is extracted from

model 1 and its acetyl optimized, the ϕac angle drops down to 27◦, while if

the same optimization is performed in the presence of His L168, the angle

settles at 47◦. Similar calculations performed for various special pair models

do not provide a clear picture, as for the special pair the situation is more

complex due to multiple steric, π− π, and electrostatic effects, particularly a

competition between the PL-His L168 hydrogen bond and Mg–O attraction.

However, it is known that the formation of the hydrogen bond to His L168

forces the acetyl group of PL to rotate out of the molecular plane. [123] Various

X-ray crystallography structures report quite different values for the acetyl

angle in the range between -2◦ and 21◦. [111] Therefore at room temperature

the acetyl group most likely samples a large range of orientations and first-

principles molecular dynamics simulations would be more appropriate here to

get a reliable statistical average of this parameter. When the hydrogen bond

between His L168 and PL is removed or its strength is altered by mutations,

a change in the electron transfer kinetics is observed. [112,124,125]
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5.3.2 Absorption properties

Bacteriochlorophyll a has two major absorption bands, usually referred to as

Qx and Qy. [3]. The most intense Qy band appears in the region 750–800 nm

and the less intense Qx band between 550 and 600 nm. Table 5.5 presents the

computed TDDFT absorption spectra for the optimized BChl a monomer,

PL and PM extracted from model 1, PL+His L173 and PM+His M202 from

model 4, and for PL with the 31 acetyl group in plane (model 10).

Model Qx Qy

Opt BChl a 617 703

PM Model 1 612 712

PM + His M202 Model 4 633 716

PL Model 1 571 666

PL + His L173 Model 4 600 670

PL Model 10 594 695

Table 5.5: Main absorption peaks computed with TDDFT for several models including a
single BChl a. Values are given in nm.

First of all it can be noted that the TDDFT calculated absorption bands

for the optimized monomer (Opt BChl a) are in perfect agreement with re-

cently published TDDFT calculations [102] but deviate from experimental

values: Specifically the Qy peak is overestimated by ≈0.15 eV while the Qx

peak is underestimated by ≈0.15 eV. These deviations are within the typical

TDDFT error due to the approximation in the exchange-correlation function-

als and are not of much concern since we are interested here mostly in trends

and not in the exact values. The analysis of the TDDFT results shows that the

dominant contribution to the Qy absorption peak is the HOMO → LUMO

transition, while the Qx band has a strong HOMO-1 → LUMO character

mixed with the HOMO → LUMO+1 to a less extent. This molecular orbitals

analysis is consistent with earlier semi-empirical calculations. [126]

Figure 5.6 shows the energy of the most relevant molecular orbitals for

a fully optimized bacteriochlorophyll a, as well as for PL and PM , extracted

from model 1. Interestingly, the HOMO is higher in energy in PL than in
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Figure 5.6: Energy levels and total bonding energies of PL, PM (from model 1) and
optimized bacteriochlorophyll a.

PM , while the LUMO is lower in PM than in PL. The differences in molecular

orbital energies and in the total binding energy compared with the optimized

bacteriochlorophyll a indicate considerable distortions for the two BChls a

in the special pair. For PL+His L173 and PM+His M202, both extracted

from model 4, the picture is similar (Fig. 5.7) with the HOMO being higher

in energy in PL and the LUMO being lower in PM . These results already

qualitatively indicate that a considerable charge transfer character should be

expected in the excited state of P, with electronic charge moving from PL to

PM . A PL+PM− charge transfer state has been indeed suggested on the basis

of absorption and Stark spectroscopy. [63,127]

From the comparison of the main absorption peaks in Table 5.5 it can be

seen how the geometrical distortions and the axial histidine affect the exci-

tation energies, neglecting for the moment the effect of the coupling between

PL and PM . The absorption spectrum of PM is very similar to that of the

optimized BChl a, while in the spectrum of PL the two major bands Qx and

Qy are strongly blue-shifted by about 35 nm. This shift can be rationalized

on the basis of the strong out of plane orientation of the acetyl group. In fact,

when the 31 acetyl group is rotated into the plane of PL bacteriochlorophyll a
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Figure 5.7: Energy levels of PL+His L173 and PM+His M202 from model 4.

and optimized (model 10), the spectrum bands shift closer to the positions of

the optimized BChl a. The shift in Qy band between PL of model 1 and PL of

model 10 is consistent with ref. [126]. Therefore the orientation of the acetyl

has a large influence on the electronic structure and optical properties of the

whole bacteriochlorophyll a. When the 31 acetyl group is in the porphyrin

plane, the electronic conjugation of the main ring extends to the acetyl, while

when the acetyl group is out of plane, the conjugation weakens. For both PL
and PM , the addition of axial histidines induces a red-shift for both bands

and especially for the Qx absorption.

We turn now our attention to the effect of electronic coupling in the BChl a

dimer of the BRC special pair. In Figure 5.8 the HOMO of P in comparison

with the HOMO of PL extracted from model 8 is shown. Clearly the HOMO

of P is almost entirely localized on PL and is hardly affected by the dimer

formation. This strong localization of the HOMO appears to be in contrast

with electron spin resonance data showing that electron spin in the radical

cation state is delocalized on the two BChls a of P. [128,129] Also the recent

photo-CIDNP data show an electron spin density distribution between PL
and PM of about 70:30 in favor of PL. [115] The localization of the HOMO
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Figure 5.8: HOMO from a) PL and b) P.

in the model 8 can be associated to the out of plane rotation of the acetyl

group having a destabilizing effect on the HOMO of PL with respect to the

HOMO of PM (see also Figure 5.6). However, when the PL 31 acetyl group is

rotated into the plane of bacteriochlorophyll a (model 10) then both HOMO

and LUMO appear to be delocalized onto the whole special pair, as presented

in Fig. 5.9. Rotation of the acetyl group to a configuration close to planar

increases the symmetry of the two fragments of the special pair and brings

the HOMO of PL and HOMO of PM closer in energy, as presented in Fig. 5.10.

Nevertheless, the HOMO has a larger localization on PL, while the LUMO is

more localized on PM , indicating that a partial charge transfer character in

the Qy excitation is still present as suggested by experimental data. [63,127]

The same calculations repeated for the special pair extracted from the

1QOV structure, which has the acetyl dihedral angle smaller, lead to similar

results. Consistently with model 10, the HOMO and LUMO orbitals were

found to be delocalized over the entire special pair, but with the HOMO

(LUMO) having more weight on PL (PM ), respectively. The total quadrupole

derived charges for PL and PM were 0.03 and -0.03, respectively. Thus, also the

model of P extracted from the 1QOV structure shows an asymmetric charge

distribution with PM being more negatively charged. It can be concluded that

models derived from different crystallographic structures are qualitatively con-
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Figure 5.9: HOMO and LUMO of special pair from model 10.

Figure 5.10: Orbital energies in special pair from models 1 and 10.



68 Chapter 5

sistent with each other, although quantitative differences are observed mostly

due to the different acetyl orientation on PL.

The absorption spectra for various models are presented in Fig. 5.11. It is

evident that the Qy band is now split due to exciton coupling in the special

pair. The absorption bands consist now of several transitions with different

weights as shown for model 1. Within the supermolecule approach used here,

Figure 5.11: TDDFT absorption spectra of special pair models. The main contributions
to the bands are indicated. Note that 304 is HOMO and 305 LUMO. The numbers indicate
orbitals that mostly contribute to the transitions.

any monomeric excited state splits into two excited states upon chromophore

dimerization, each with a different energy and transition dipole moment, as

a direct result of exciton coupling and possibly also interchromophore charge

transfer. An estimate of the exciton coupling can be calculated as the differ-
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ence between the first two excitation energies. For model 1 an exciton coupling

of 0.07 eV is obtained. The Qy band splitting is only slightly increased when

including the three histidines and phenylalanine (model 7). In the model 10

containing the PL 31 acetyl group rotated into the plane of bacteriochloro-

phyll a, the exciton coupling is reduced to 0.04 eV. The low-energy absorption

band of the BRC is at 890 nm at 15 K and increases in energy to 860 nm at

room temperature. [130] If one takes the 800 nm absorption of the monomeric

BChl a as the value of the wavelength, at which the special pair would absorb

without the pigment–pigment coupling, the shift to 890 nm corresponds to

an energy shift of ≈0.15 eV. Thus, the present TDDFT calculations strongly

underestimate the exciton coupling. There might be several reasons for this

discrepancy, including the approximation in the functional, the neglect of long

range interactions with the protein, a poor description of contributions due

to charge transfer states. A detailed investigation of all these effects is beyond

the scope of the present work. We refer to a recent paper by Thomas Renger

and coworkers for a detailed analysis of the exciton coupling in BRC based

on an effective two-state model Hamiltonian. [131]

5.4 Conclusions

An analysis of the electron charge difference between PL and PM bacteri-

ochlorophylls a of the special pair was presented, together with a TDDFT

study of the absorption properties. It is found that the electron asymmetry is

an intrinsic feature of the special pair and is strongly modulated by the spe-

cific orientation of the 31 acetyl group, which is hydrogen bonded to His L168.

Since the acetyl group can conjugate to the π electron system of BChl a, and

this conjugation decreases in strength as the carbonyl group is rotated out

of the macrocycle plane, the protein can tune the biophysical properties of

the special pair by enforcing conformational changes to the acetyl. If its ori-

entation is close to the plane of PL, the electron density perturbation in the

special pair and consequently the observed asymmetry is strongly reduced.

These changes are also reflected in the absorption spectra and in the local-

ization of the relevant molecular orbitals. When the acetyl is oriented out of
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plane, significant blue shifts for the main absorption bands of bacteriochloro-

phyll a are predicted.

Although crystallographic data do not provide a precise determination of

the acetyl rotation, some conclusions that are valid for models with different

acetyl group orientation can be drawn: (i) both PL and PM BChl a carry

a negative charge due primarily to electron charge donation by the axial

histidines; (ii) the ground state electronic density is asymmetric with PM
being more negatively charged than PL; (iii) the HOMO to LUMO electronic

transition has a partial charge transfer character with electron charge moving

from PL to PM in agreement with experimental data in the excited state; [63]

(iv) increased dihedral angle for the acetyl group rotation enhances electronic

asymmetry of the special pair and decreases delocalization of the molecular

orbitals.


